Introduction
Ferroelectric BaTiO 3 (BTO) has a high dielectric constant, large electro-optic and non-linear optic coefficients and good ferroelectric and piezoelectric properties [1, 2, 3, 4, 5] . BaTiO 3 thin films have been attracting tremendous interest as promising materials for many device applications such as ferroelectric random access memories, optical modulators and switches, waveguides and microelectromechanical systems (MEMS) [6,7,8,] . The excellent piezoelectric properties of ferroelectric BTO thin films make them great candidates for the development of the unobtrusive piezoelectric wafer active sensor arrays for structural health monitoring [9, 10] .
BTO thin films have been deposited on various non-metallic substrates, including oxide single crystals and semiconductor substrates, using a variety of techniques such as pulsed laser deposition, hydrothermal methods and metal-organic chemical vapor deposition [3, 11, 12, 13, 14, 15] . However, deposition of polycrystalline ferroelectric BTO thin films on structural metals such as steel, nickel, aluminum had not been reported until our very recent successful fabrication of BTO thin films directly deposited on Ni, a typical structural material, using pulsed laser deposition [16] . Our achievement opens the real option for the deposition of BTO thin films on structural metals for unobtrusive piezoelectric wafer active sensor arrays for structural health monitoring.
The dielectric and ferroelectric properties of the BTO thin films deposited on MgO were found to strongly depend on the microstructure of the films [4] . The highly orientation-preferred structure may enable tailoring the dielectric constant, charge storage parameters, nonlinear optical susceptibility and refractive index for many applications [17] . In this paper, we report our recent achievements of the fabrication of highly orientation-preferred structures of ferroelectric BTO thin films on Ni substrates.
Experimental
BTO thin film deposition was conducted by using a KrF excimer pulsed laser deposition (PLD) system with a wavelength of 248 nm. A layer of NiO with the thickness of 50 to 80 nm was synthesized via in-situ oxidation treatment of the Ni tape in oxygen atmosphere of 300 Torr at 800 o C for 3 min. Ferroelectric BTO thin film growth on Ni tape required a laser repetition rate of 5Hz in an oxygen pressure of 300 mTorr at 800 o C. The typical growth rate was about 10 nm/min. After film growth, 300 Torr of oxygen was introduced into the deposition chamber for a 10 minute anneal, prior to cooling at 5 o C/min to room temperature. For the transmission electron microscopy (TEM) studies, plan-view and cross-section TEM specimens were prepared by mechanical grinding, polishing and dimpling followed by Ar-ion milling. Electron diffraction analysis and dark-field imaging were employed to study the grain orientation of the film. The dark-field micrograph of Fig.  1(b) , imaged through the ξ reflection of the SAED pattern, shows nearly the same area as Fig. 1(a) . Here, more than 60% of the area shows bright contrast, indicating the common agreement with the a-axis lying in the film plane and the [011] axis perpendicular to the film plane. Fig. 2(a) is a cross-sectional TEM image showing the interface structure of the BTO films on Ni tapes. The BTO film has a thickness of about 200 nm and consists of nanopillar structures with lateral dimensions of about 100 nm, which is close to the value obtained from the plan-view TEM. The intermediate (IM) layer between the BTO film and Ni substrate shows nanocrystalline structure. Fig. 2(b) is a plan-view TEM image and the SAED pattern (inset) of the IM layer, in which the nanostructures show different characteristics from that shown in Fig. 1(a) . The grain size of the nanostructures varies from 30 to 100 nm in diameter and is smaller than that of the BTO grains. The nanostructures in the IM layer were found to be pure Ni (fcc, a=3.52 Å) as identified by the electron diffraction analysis. For example, diffraction rings 1, 2, 3 and 4 have a lattice spacing of 2.03 Å, 1.76 Å, 1.25 Å and 1.06 Å, respectively, which can be identified as the (111), (200), (220) and (311) reflection of Ni.
Results and Discussion
The observation of nanostructured pure Ni intermediate layer is different from the NiO layer that was synthesized prior to the deposition of the BTO films. Such difference can be understood by looking into the entropy and the free energy of BTO and NiO. The NiO has an entropy of -240 JK -1 mol -1 and a free energy of -212 JK -1 mol -1 , which are higher than the entropy (-1634 JK -1 mol -1 ) and free energy (-1529 JK -1 mol -1 ) of BTO. Therefore, it can be speculated that during the deposition, oxygen atoms in NiO intermediate layer migrated to the BTO film layer.
We have employed Piezoelectric Response Microscopy (PRM) to study the physical property of such BTO films with preferred orientation. Fig. 3 is a PRM image of such a BTO film. It can be observed that over the 1 µm x 1 µm image, over 60% of the area shows uniform contrast, indicating good alignment of the polarization vectors associated with these nano-sized grains. These results agree well with the dark-field TEM results of Fig. 1(b) .
Summary
In conclusion, we have demonstrated feasibility to grow single crystalline oriented structures of ferroelectric and ferromagnetic oxide films on metallic substrates by optimizing the growth parameters and conditions, which is of importance both scientifically and technologically. Successful fabrication of orientation-preferred structures of ferroelectric and ferromagnetic oxides on metallic substrates will open ways for the development of new applications by integrating the ceramic oxide devices for promising applications for health monitoring of structural materials. The orientation-preferred structures in ferroelectric BTO thin films have been successfully fabricated on Ni substrates using pulsed laser ablation. The BTO films have nanopillar, crystalline tetragonal structures with a good interface with respect to the substrate. More than 60% BTO grains share a common orientation with their a-axis in the film plane and the [011] direction parallel to the growth direction of the films. Such orientationpreferred nanopillar structures were grown on a layer of nanocrystalline Ni. Successful fabrication of these films on metallic substrates is expected to have significant importance for the development of new applications by integrating the oxides with various promising properties to the structural materials.
